Wayfinding in multiscale virtual environments can be rather complex, as users can and sometimes have to change their scale to access the entire environment. Hence, this work focuses on the understanding and classification of information needed for travel, as well as on the design of navigation techniques that provide this information. To this end, we first identified two kinds of information necessary for traveling effectively in this kind of environment: hierarchical information, based on the hierarchical structure formed by the levels of scale; and spatial information, related to orientation, distance between objects in different levels of scale and spatial localization. Based on this, we designed and implemented one technique for each kind of information. The developed techniques were evaluated and compared to a baseline set of travel and wayfinding aid techniques for traveling through multiple scales. Results show that the developed techniques perform better and provide a better solution for both travel and wayfinding aid.
INTRODUCTION
Navigation in Virtual Environments (VEs) consists of actions that allow users to change their position and orientation, which are known as travel, and wayfinding, which is the planning and choice of routes to be followed within the environment and the cognitive process of building spatial knowledge [1] .
Presenting large amounts of information at the same time can cause problems for the interfaces in general, because there is too much to see and navigation becomes difficult [6] . For more than a decade, researchers have been trying to solve this problem by developing techniques for structuring information on different levels of scale [18] . The levels of scale are determined by their semantic content, and they have specific settings for the amount and size of information users will be able to see and interact with.
MultiScale VEs (MSVEs) contain several hierarchical levels of scale in the same environment, in which smaller scales are nested within larger scales [10] . In MSVEs, the levels of scale can be either a place or an object. For example, cities are nested in a state, states are nested in a country, and so on. Being at the country level of scale, it would be possible to see all the states in a country and have a broader view of the VE, but being at the human level of scale, it would be possible to walk around a city and look at the details of the texture of a building.
Nevertheless, the understanding of such structures can be complicated. For example, in the world we know, objects range from 10 −16 m (size of the smaller elementary particles) to 10 26 m (size of the universe). These levels of scale are far from what a human being can interact with, which range from millimeters (10 −3 m) to * e-mail: felipe.silva@pucrs.br † e-mail: dbowman@vt.edu ‡ e-mail: marcio.pinho@pucrs.br tens of meters (10 1 m). This fact makes it difficult or even impossible to observe and understand these different levels of scale, and also to interact directly with many of the existing structures in the real world [18] . For this reason, users need a set of techniques that allow for the adjustment of their size and that also automatically adjust navigation parameters when they change their level of scale, such as users' height in the environment (if there is a floor), the speed at which they travel, what they can reach or see and, if using stereo, the distance between the users' eyes.
Although researchers have investigated methods for traveling between levels of scale [13] [10] , there is a need for better wayfinding aids to allow users to make sense of these complicated environments. Thus, the main question that remains is how well the existing techniques can provide wayfinding aid. Depending on the number of levels of scale in the MSVE, it may be too hard for users to figure how to get from one level of scale to other levels. Research in this kind of environment is necessary to remedy this.
The main objectives of the research reported in this paper are to identify what information is necessary to navigate effectively in MSVEs and to design and implement navigation techniques for MSVEs that combine travel and wayfinding aids. This research will help us begin to understand the process by which humans can navigate multi-scale environments.
RELATED WORK
The study of MSVEs is important because it has a large number of applications, such as navigating the cosmos [13] or a whole-plane terrain [15] , understanding of chemical experiments in a virtual laboratory [7] , visualization of biological structures [17] and geospatial data [8] and study of anatomy [10] . All these applications can use multiple scales because they can be divided into several levels of scale, grouped and organized in a hierarchical structure.
A number of travel techniques have indirectly acknowledged that users understand VEs at different levels of scale by providing a handheld miniature version of the world [14] [9] , which may in some cases be scaled up or down [16] . These tools provide wayfinding cues to the user, but assume that there are only two important levels of scale -overview and detail. We extend this idea to our MultiScale World-In-Miniature (MSWIM) technique by adding explicit support for hierarchies of scale.
The set of techniques for traveling through large-scale VEs, developed by Pierce [11] , could be applied to MSVEs. Visible landmarks' are points of reference that become visible by having a scale factor applied to them from any point of the environment and serve as a reference to travel. The technique place representations' divides the VE into semantic units represented in a hierarchy and, instead of showing the distant visible landmarks, gives the user a representation of what its semantic unit contains. The combination of these two techniques allows users to travel large distances with a small number of commands, but do not provide cues about the hierarchy. We extend this idea in our Hierarchically-Structured Map (HiSMap) technique by providing representations of all levels of scale and the hierarchy formed by them. Some tools for traveling through different levels of scale have been developed, such as the technique of pointing to the desired level of scale [13] and those based on target selection and steering. These techniques do not provide wayfinding cues. For this reason, Kopper uses two techniques commonly used in normal VEs: a three-dimensional map containing a You-Are-Here (YAH) marker and a compass represented as the human body. The map is a representation of users' current scale, while the compass indicates the orientation of users relative to the highest level of scale, which is the body. These techniques provide limited wayfinding cues and were not evaluated.
WAYFINDING IN MSVES
As shown, there have been only a few travel techniques developed for MSVEs, and none of them concern aiding wayfinding tasks in such complex VEs. Although Kopper has implemented the wayfinding aids described in the related work section, wayfinding was not his focus and he did not carry out a study on its efficiency. Therefore, the focus of this work is on the development of new wayfinding aid techniques, specifically designed for MSVEs. To do this, we identified two types of information necessary to travel in MSVEs: spatial and hierarchical information.
Spatial information is all that concerns position and orientation of users, objects or specific places in a VE. It can be used to determine distances, landmarks position and directions. In the case of MSVEs, it concerns the levels of scale. Spatial information is the basis of most of the existing wayfinding aid techniques, such as the compass [2] , signs [4] and maps [5] . With spatial information, it is possible to determine in which direction to go to get to a specific level of scale, where this level of scale is positioned, and what is the orientation of a level of scale in relation to others.
Hierarchical information is all information relative to the hierarchical structure formed by the levels of scale, such as in which levels of scale there is a certain tumor, or in which organ the user is, and so on. It helps users to know and understand the relationships between different levels of scale, independently of their position in space or scale.
The difference between these two kinds of information is that hierarchical information is abstract, i.e. it shows that a level of scale is nested in another level of scale, while the spatial information is concrete, i.e it indicates where this level of scale is located inside the other. For instance, if the user is inside the right lung, and decides to go to the left lung, hierarchical information would tell her that she needs to leave the right lung to be in the body scale, and then would need to enter the left lung. In this example, the spatial information would tell her where the left lung is located in the body and in which direction she would have to travel to get there from the right lung. Table 1 describes the spatial and hierarchical information we have assumed as needed for traveling effectively in MSVEs and a summary of the extent of information provided by the designed techniques.
RESEARCH TESTBED
The application used for this study is a modified version of that developed by Kopper [10] , which simulates the study of anatomy. In this application, the levels of scale are the human organs and the objects that are inside them.
In order to diminish unnecessary cognitive load, the hierarchy and the levels of scale in the application have been designed to be part of the same context. We formed the following hierarchical structure: organs are nested in the body, tumors are nested in the organs, cells are nested in the tumors, ribosomes and nuclei are nested within the cells, chromosomes are nested in the nuclei and the DNA chains are nested in the chromosomes.
Similarly, we wanted to create a structure that is at the same time big and complex enough in terms of number of levels of scale, so we can understand how users gain and keep spatial and hierarchical knowledge, and at the same time simple, in terms of what users have to learn about it. To achieve this, we created a number of tumors inside the organs, and made all the tumors have one cell. All cells contained the complete hierarchical structure within them: the nucleus and ribosomes, the chromosome and the DNA. The resulting structure and the levels of scales can be seen in Figure 1 .
The creation of this new environment was the starting point for the development of the new techniques. We also created a practice world, which is a simplified version of the environment used in the experiment; users travel through spheres inside a body. 
DESIGNED TECHNIQUES
Having defined the necessary information needed for navigating in MSVEs, we designed the new navigation techniques using a design technique called scenario-based design [3] . Although these techniques were implemented in the context of the anatomy application, they were designed for use in any three-dimensional MSVE with a hierarchy of levels of scale. Before describing specific features of each technique, it is important to highlight some of the features shared by them. With both techniques, users have a virtual hand attached to their right hand. The virtual hand is used to interact with and use the techniques. They also have the possibility of using the steering technique to maneuver within a level of scale, or even enter and leave levels of scale. The compass, described by Kopper, is always provided, independently of the technique used. The developed techniques also use two buttons for interaction: the selection button, which allows users to select and deselect levels of scale for interaction; and the travel button, which allow users to travel automatically to the selected level of scale.
The hardware requirements for all techniques include a headtracked VR display and a 6-DOF handheld input device with at least two buttons and a joystick. The developed techniques also use a handheld tablet tracked in 6-DOF. The tablet worked as a physical prop to a virtual tablet, which displays the technique on top of it.
Baseline Techniques
We combined the techniques developed by Kopper, so that users have the ability to quickly change their level of scale with the targetbased technique, and also to be able to maneuver and explore new levels of scale using the steering-based technique. In the targetbased technique, the user have a magnifying glass metaphor to view and select a level of scale, and then travel automatically to it. With the steering-based technique, users have to fly towards the desired level of scale and enter it to be automatically scaled. We used the magnifying glass to view and select levels of scale with the target technique, and as a substitute of the virtual hand.
In addition, an important feature was added to the magnifying glass to help users build spatial knowledge: a text describing what the scale is that has been selected for interaction. Whenever the magnifying glass is being used to view the levels of scale that could be selected, the text description appears attached to it, as in Figure 1. Table 1 contains a list of wayfinding information provided by the combination of the techniques, and how well this information is provided.
MSWIM Technique
The MultiScale World-In-Miniature (MSWIM) technique is based on spatial information and was inspired by the Scaled Scrolling WIM [16] , a modified version of the original WIM technique that allows users to zoom and pan what they are seeing in miniature. With the MSWIM, users can view the objects in the world, but cannot manipulate them. Also, there is no user representation in the miniature. Instead, users use the MSWIM to view and select levels of scale so that they can easily travel between different levels of scale, determine spatial position of specific objects, distance between objects, orientation, etc.
The MSWIM is located inside a box over the virtual tablet, and the selected scale for interaction always appears as a translucent object. Levels of scale that are at the same level of the hierarchy or are inside the selected one are opaque and selectable.
As the virtual hand touches the levels of scale inside the body, a red box highlights the scale they are touching and a text appears attached to it describing what the scale is. In addition, as users touch a level of scale, not only does its miniature become highlighted, but the object that represents the level of scale becomes highlighted as well.
To change the selected level of scale for interaction in the MSWIM, users have to press the selection button when touching a level of scale. Then, the selected level of scale increases in size and becomes translucent so that users can see and interact with levels of scale inside the one they have selected. The change of level of scale for interaction is animated to enable users to have a better understanding of the context in which the selected scale is. To go back to the previous level of scale, users just have to press the selection button when not touching anything with the virtual hand. It is also possible to pan and change the portion of the selected level of scale that will be seen in the box.
To travel using this technique, users select the level of scale to which they want to travel and press the travel button. Once the button is pressed, the MSWIM disappears and the user starts traveling to the selected scale. Figure 2 shows an example of how this happens when a cell is selected for travel.
When traveling, the path to get to the selected destination appears on the left side of the screen, and a blinking red arrow indicates the direction of travel: from the body to the right lung, and from the right lung to the white tumor. In addition to this, the current level of scale always appears in the center of the screen; hence the path is scrolling up in Figure 2 .
If the user selects a higher level of scale in the WIM, the scale in which the user is becomes highlighted. Also, three lines crossing each other inside it show the user's current position. When the selected level of scale is not the entire body, a little body appears attached to the lower left portion of the WIM. This gives reference to where the user is within the body.
Also, if the selected scale in the WIM is not the same as the users' current scale, two arrows appear. The one attached to the lower left part of the WIM points to the users' current scale, relative to the selected scale in the WIM. The other arrow is attached to the hand, and points to the position in the VE of the selected scale in the MSWIM. Figure 3 shows both arrows and the reference body. Table 1 gives a summary of the types and quality of information provided by the MSWIM technique.
HiSMap Technique
The Hierarchically-Structured Map (HiSMap) technique is based on the idea of showing the entire hierarchy structure formed by the levels of scale, so that users can view and select any level of scale at anytime. Figure 4 shows this idea implemented, with several icons connected by blue lines over the virtual tablet. Each icon represents a specific level of scale, and the lines connect nested levels of scale. The rows in which these icons are located represent how many scales nest the level of scale that is illustrated by the icon.
If the user moves the virtual hand and touches the icons, the selected scale changes to the one that is being touched. In Figure 4 , the ribosome is the selected scale, so it is represented by its 3D model. As the icon is touched, it becomes bigger than the other icons. Also, not only does it become highlighted, but the organ where the icon is becomes highlighted as well. Whenever users are not touching or selecting an icon, their current level of scale in the hierarchy will be the selected scale.
In order to keep a level of scale selected even when it is not being touched, users have to press the selection button. Doing this will freeze the hierarchy at the stage it was when they were touching the icon. If users touch other levels of scale in the hierarchy to see what they are, they do not grow or turn into 3d models, but a red box highlights them and their text description is attached to them. This means that, after freezing the hierarchy, the selected scale will not be updated as users touch the icons. Figure 4 shows the body turned into an icon and a red line connecting the body to the selected scale. This means that the body is on the path to be followed to get to the selected scale. In addition to this, a blinking red arrow appears right above the body icon. This arrow indicates that the body is the user's current position in the hierarchy. To travel using this technique, users just have to select the scale to which they want to travel and press the travel button. Once the button is pressed, the tablet disappears and users start traveling to the selected scale, just like with the MSWIM technique. Table 1 gives a summary of the types and quality of information provided by the HiSMap technique.
USER STUDY
To evaluate the usability and performance of the techniques we designed, we carried out an experiment. The goal of this experiment was to evaluate the effectiveness of MSWIM and HiSMap in comparison to the baseline techniques developed by Kopper. We wished to investigate whether users could make use of the spatial and hierarchical wayfinding information provided by our techniques to navigate efficiently through an MSVE, and to verify the various types of information needed for different wayfinding tasks.
The following hypotheses were made: H1) providing spatial information helps users improve performance in spatial orientation tasks; H2) providing hierarchical information helps users perform better on naïve search tasks, as users just have to search for a specific level of scale in one hierarchical level; H3) providing both hierarchical and spatial information helps users build up more survey knowledge.
Although we performed this experiment in the context of the anatomy MSVE, our hypotheses are not specific to this application, and we designed the experimental tasks to be representative of generic tasks that need to be performed in any MSVE. Thus, we feel that the results can be generalized to other MSVE applications.
Experimental Design
We adopted a four conditions between-subjects design. We denote the four conditions as Target+Steering, HiSMap, MSWIM and HiSMap+MSWIM.
In the Target+Steering condition, users only had access to the baseline techniques. This was the control group, in which little to no spatial or hierarchical information was provided. In the HiSMap condition, users could only use the HiSMap technique. In the MSWIM condition, users could only use the MSWIM technique. The HiSMap+MSWIM condition was the one in which the HiSMap and the MSWIM techniques are combined. Users could quickly change between one and the other, by just pressing a button.
Participants performed five different types of tasks, each representing one kind of information identified and provided by our techniques. Tasks required the use of spatial and hierarchical information, and concerned the hypotheses made. We designed three tasks for each type, leading to fifteen trials. Participants completed the trials in the same order, independently of the condition. The task types are described in Table 2 , together with what was measured with them, an example and which hypotheses they tested.
The time spent, total distance traveled using the steering technique and the visited levels of scale were the dependent variables for the first four tasks. The errors made were considered as dependent variable for the fifth task type. In the case of the number of visited levels of scale, we considered all the levels of scale that users passed through to complete the task. That is because users in the Target+Steering always had to explicitly select levels of scale (either using target or steering techniques) to get to the one they wanted.
Apparatus
Throughout our experiment, a Macbook Pro with an nVidia geForce 8600gt graphics card was used, running Mac OS X. The application and the techniques were developed using C++ with the library SmallVR [12] for scene graph operations and OpenGL for rendering. A Virtual Research V8 head-mounted display with 640x480 resolution for each eye and a 60-degree diagonal FOV was used for visualization of the virtual world, and its position was tracked using an Intersense IS-900 6DOF tracker. A handheld tablet was used as a physical prop to the virtual tablet, and its position and orientation was also tracked. The tablet was designed to be held by the left hand, so only right-handed people could participate in our formal study. The device that contains the buttons and the joystick is a wand, and it is mapped to the virtual hand. The wand was used to interact with the techniques.
Procedure
Firstly, before participating in the experiment, users watched a video explaining how the technique they would use works. Before they began the experiment, users were asked to confirm if they were right handed, to read the informed consent form and to fill out a background survey questionnaire.
The first part of the experiment was a practice session, in which users were guided through all the features of the techniques they were using. In the next step, users completed fifteen trials (three of each type). After finishing a trial, users were asked to rate the ease of accomplishing it. After the completion of a set of tasks, users were given a five-minute break. Upon completion of all sets of tasks, users were interviewed.
Participants
Subjects were recruited from our university campus. Twenty-four subjects (9 female), aged 20 to 52, participated in the study, 6 participants for each group. All subjects had normal or corrected-tonormal vision and were right-handed. Users were intermediate to experienced computer users, 9 of whom having previous experience with multiscale interfaces and 6 with VR devices and applications. We balanced the groups so that each had at least 2 participants experienced with multiscale interfaces and 1 participant experienced with VR interfaces. None of the participants were members of our research group.
Results
Results presented in this section are the sum of the performance for the second and third evaluation trials. The performance on the first trial may be used for learning effects analysis in the future. Figure 5 illustrates the overall results of our experiment with respect to average task completion time for the naïve search task. This task tests the hypothesis H2, which claims that providing hierarchical information helps users to perform better on naïve search tasks. The Target+Steering condition resulted in the worst task performance, and the conditions with the HiSMap technique were the best for the first task. Survey knowledge When you were inside the abnormal cell, which organ were you in? Which levels of scale would you pass to get there again?
Time
We performed a one-way ANOVA (alpha-level = 0.05) for all conditions and found a statistically significant effect (F(3,20) = 9.18, p < 0.001). A post-hoc Tukey HSD test was performed, and significant differences were found between MSWIM and Target+Steering (p = 0.013), HiSMap and Target+Steering (p < 0.0001), MSWIM+HiSMap and Target+Steering (p < 0.0001), MSWIM and HiSMap (p < 0.001) and MSWIM and MSWIM+HiSMap (p < 0.01) conditions. There was no statistically significant difference between the HiSMap and MSWIM+HiSMap conditions for the first task (p = 0.764).
As can be seen in Figure 6 , the mean time for participants in the MSWIM condition was lower to perform the relative position task. This task tests the hypothesis H1, which claims that providing spatial information helps users improve performance on spatial orientation tasks. Again, we performed a one-way ANOVA (alpha-level = 0.05) for this task and found a statistically significant effect (F(3,20) = 3.87, p = 0.025). We also performed a post-hoc Tukey HSD test and found that the MSWIM is statistically better than HiSMap (p = 0.036).
We have not found any statistically significant differences between the conditions for the comparison task, which tests hypothesis H2, and the steering task, which tests hypothesis H1. Figure 6 shows that the means and variances of time spent for all conditions in these tasks were very similar, and does not support hypotheses H1 and H2. Figure 7 illustrates the overall results of our experiment with respect to average distance covered using the steering technique for the naïve search and steering tasks. The distance is represented as a unit independent of the level of scale for movement (e.g.: if the user walks one step forward in the current scale, we consider this as one step). As can be seen, for the naïve search task, Target+Steering condition resulted in an elevated use of the steering technique. The comparison and relative position tasks were not taken into account, as users tended to have little to no use for the Steering technique when performing these tasks.
Distance
A one-way ANOVA was performed for the steering task, and we found a statistically significant effect (F(3,20) = 5.55, p = 0.006). For detecting differences between techniques, we performed a posthoc Tukey HSD test, and found that participants in the MSWIM (p = 0.006) and HiSMap (p = 0.026) conditions performed statistically better than those in the Target+Steering condition. Figure 8 illustrates the overall results of our experiment with respect to average levels of scale visited for the naïve search and steering tasks and Figure 9 for relative position and comparison tasks.
Visited Levels of Scale
We applied a one-way ANOVA for all conditions and found a statistically significant effect for the naïve search task (F(3,20) = 17.67, p < 0.001). We also performed a post-hoc Tukey HSD test, and found significant differences between MSWIM and Target+Steering (p < 0.001), HiSMap and Target+Steering (p < 0.001) and MSWIM+HiSMap and Target+Steering (p < 0.001) conditions.
For relative position, comparison and steering tasks, participants in the MSWIM conditions performed better than others. A one-way ANOVA for relative position and steering tasks showed statistically significant effects (F(3,20) = 3.18, p = 0.046 for the relative position Figure 10 shows the results for the knowledge task with respect to the average number of errors. This was the only metric for this task, as users had to give verbal answers and were not allowed to use the techniques or even look around the VE. This task tests hypothesis H3, which claims that providing both spatial and hierarchical information helps users to build up more survey knowledge. A one-way ANOVA was performed and presented statistically significant differences (F(3,20) = 4.71, p = 0.012). A posthoc Tukey HSD test confirmed the differences between HiSMap and Target+Steering (p = 0.018) and MSWIM+HiSMap and Target+Steering (p = 0.026) conditions. No statistically significant difference was found between the developed techniques.
Number of Errors

Subjective Ratings
For the naïve search task, while the mean rating for the Target+Steering condition was lower than all the others (4.38), the HiSMap condition presented the best results (8.83), not significantly different from the MSWIM+HiSMap condition (8.5) . In the relative position task, participants in the MSWIM condition had the best results (8.4) . For the comparison and steering tasks, the mean ratings for conditions with the developed techniques had higher scores than the Target+Steering condition.
A Friedman's test was performed to analyze the scores for each task. We found significant changes in scores for the MSWIM (p < 0.02) and HiSMap (p < 0.03) techniques in regard to the relative position task, with the rating being significantly increased as users repeated the task. Tests for the comparison task showed significant effects for Target+Steering (p < 0.02) and MSWIM(p < 0.04) conditions with an increase in performance. For the steering task, the only condition that presented significant effects on ratings was HiSMap (p < 0.02).
DISCUSSION
The results of the relative position task support hypothesis H1, as users that used the technique that provided spatial information performed much better than all the other conditions. In addition, participants in the MSWIM condition found the task easier to accomplish. Interestingly though, the mean time spent for this task with the HiSMap and MSWIM+HiSMap conditions was greater than the time spent by participants in the Target+Steering. Observing the subjective data and the actions performed by those users, it seems that they spent some time looking for the answer in the HiSMap technique. Only after not finding the answer there, did they start to think about how to approach the task. The fact that this happened even when users had the possibility of using the MSWIM technique may be because the HiSMap technique has fewer components and less amount of cognitive effort involved.
For the steering task, the distance covered plays the most important role, as the task is all about using the steering to get to a specific level of scale. In this task, as expected, the MSWIM condition did better than others, mainly because it provides spatial localization information, and not just abstract information like in the HiSMap condition. Interestingly, participants in the MSWIM+HiSMap condition did not perform as well as when they were utilized separately and presented no statistically significant effects on the distance covered by users. We think this happened because of the high cognitive effort needed for learning and using both techniques at the same time. The results for the number of visited levels of scale were similar, being MSWIM the only condition with statistically better results than Target+Steering. Results for the subjective ratings show no significant differences between the conditions with the developed techniques. This supports the hypothesis H1.
The results for the naïve search task support hypothesis H2, because participants that had hierarchical information performed significantly better than those who had not. The time spent for doing the task was much less than with the control condition while not having to move at all. The number of levels of scale visited for this task was really low and near the ideal number for all conditions except the control one. This was already expected for the HiSMap and MSWIM+HiSMap conditions because the way that the techniques were designed allows users to look for the level of scale they desire without changing their current level of scale. Subjective ratings for this task are consistent with the results, as participants in the HiSMap condition presented the best scores. In the Target+Steering condition, participants had to go to every level of scale until they found the one they were looking for.
It is interesting to notice that participants in the MSWIM condition performed much better than the Target+Steering condition, even though they had to use the same strategy. In order to discover why this happened, we performed an analysis on the number of levels of scale selected using the MSWIM technique, and compared this to the levels of scale visited by participants in the Target+Steering technique. The averages for both naïve search and steering tasks are different, and participants in the MSWIM condition had to look into fewer levels of scale than those in the Target+Steering condition.
A one-way ANOVA was performed to compare them, and we found significant differences for the steering task (F(1,10) = 8.31, p = 0.016). This means that changing the actual user scale had an effect on how many scales the user would have to visit to find the one that she was looking for. This may seem strange, but looking at the list of visited scales of participants in the Target+Steering and MSWIM conditions, we noticed that participants in the Target+Steering condition seemed to forget the levels of scale they had already checked, entering the same levels of scale several times. Surprisingly, participants who had only the HiSMap technique performed worse than those in the Target+Steering condition in the relative position and comparison tasks, in terms of visited levels of scale. In the case of the relative position task, this may have happened, as commented by some users, because they expected to have the answer they were looking for in the technique, even after traveling and getting in or out of the level of scale to which they wanted to go or examine. For the comparison task though, only one of the participants in the HiSMap condition had the idea of looking at the 3D model that represented the level of scale in the technique. All participants seemed to avoid using the steering technique in finding the differences in the levels of scale, sometimes going in and out of the same level of scale by selecting it with the HiSMap technique.
The only statistically significant result of the comparison task is that those in the MSWIM condition performed better than those in the HiSMap condition, regarding the number of visited levels of scale. This happened because users in the HiSMap condition just had to find a level of scale in the same hierarchical level, and the path to get to that level was not significant. In the case of the participants in the MSWIM, it was always easier to go by the shortest path, as it would take less time to select the level of scale. Subjective ratings for the conditions with the developed techniques had better scores than Target+Steering, but there were no significant differences between them. Results for this task does not support hypothesis H2.
Results for the number of errors in the knowledge task do not support hypothesis H3, as there were no significant differences between the MSWIM+HiSMap and other conditions with the developed techniques. MSWIM, HiSMap and MSWIM+HiSMap conditions presented very similar results, but only participants in the conditions with the HiSMap technique had statistically better results than those in Target+Steering.
CONCLUSIONS AND FUTURE WORK
This work presents the conception of wayfinding aids and associated travel techniques, developed specifically for MSVEs. Our contributions include the identification and classification of wayfinding information needed for travel in MSVEs and two interaction techniques that combine travel and wayfinding aids.
In addition, we also found that hierarchical information helps users to perform naïve search tasks better, while spatial information helps users more in spatial localization and orientation tasks. Another interesting finding is that allowing users to search for a specific level of scale without the need of changing their own scale has positive effects on performance.
For future work, we suggest the improvement of the developed techniques based on users' feedback, as well as the use of the information to design and develop new techniques. One interesting approach would be to combine both spatial and hierarchical information in a single technique. We also hope to evaluate our techniques in different application contexts and to develop navigation techniques that support exocentric viewing in MSVEs.
